A novel nano-porous 3D architecture of N-doped carbon nanorods arrays grown on the surface of graphene has been prepared by carbonizing polyaniline/graphene oxide (PANI-GO) composite with PANI nanorod arrays on both sides of GO nanosheets. The obtained carbon materials are entirely composed of regularly grown carbon nanorods on graphene with height of about 100 nm and width about 30 nm, showing porous property due to the decomposition of PANI chains. The morphology of PANI grown on GO at the different growth stages was investigated to demonstrate the mechanism of the finally hierarchical architecture formation. Due to its large specific surface area and incorporation of the nitrogen groups into the carbon matrix, the obtained 3D carbon material enhances the ionic transport and the super-capacitance by synergetic effect of both double-layer and faradaic capacitances. This study provides a controllable approach to fabricate hierarchical carbon material based on conducting polymers and graphene oxide with promising applications in the high-rate electrode material of supercapacitors.
A s an important energy storage device, supercapacitor has attracted great research interests due to its combination of the high power of dielectric capacitor and the high specific energy of rechargeable battery, which can be used in hybrid electric vehicles, uninterrupted power supplies, digital communication devices, and other high-power apparatuses [1] [2] [3] . Carbon materials 4, 5 , transition metal oxides 6, 7 , and conducting polymers 8, 9 have been widely used as electrode materials for supercapacitor owing to their prominent capacitive properties. Among these attractive electrodes, transition metal oxides and conducting polymers have high specific capacitance, but their applications are limited by their high cost, poor chemical reversibility and lack of cycling stability in aqueous electrolytes 10, 11 . Carbon materials have been considered as promising electrode materials due to their chemical stability, low cost, high conductivity and wide applications 12, 13 . Conventional carbon materials, such as carbon nanotubes and carbon fibers, show low gravimetric capacitances, which limit their practical application. Therefore, it is a considerable challenge for searching and exploiting new carbon material with low cost and high capacity.
In recent years, conducting polymers, specially polyaniline (PANI) has been widely used as an attractive precursor for the synthesis of carbon material due to its ease of synthesis, low cost and chemical and environmental stability. The transformation of PANI into porous carbon can effectively introduce nitrogen groups into the carbon matrix, which gives carbon materials an acid/base character and enhances the capacitance by the synergetic effect of both double-layer and faradaic capacitance [14] [15] [16] [17] [18] [19] . Generally, the specific capacitance of carbon materials can be improved by increasing the specific surface area with hierarchical and porous structures by enhancing the electronic transport in the electrodes or at the interface of the electrode/electrolyte 12 . Therefore, nanostructured electrodes with porous morphology and good electrical conductivity are desirable 20 . Focusing on this aim, hierarchical carbon materials are of great advantage since they can greatly facilitate ionic motion and reduce the diffusion length, thus ensure high utilization of electrode materials and enhance the rate performance of electrode. For example, Fan and co-workers reported three-dimensional hybrid carbon nanocomposites of 1D carbon nanotubes and 2D graphene with excellent electrochemical performance 21 . Hierarchical graphene-carbon nanotube architecture has been designed for supercapacitors by Yang and co-workers 22 .
In this paper, we report a novel nano-porous hierarchical carbon material of porous carbon nanorods array on the surface of graphene, which is synthesized by carbonization of hierarchical PANI-GO nanocomposites. The prepared nano-porous carbon material possesses excellent electrochemical performance due to the high specific surface area and combination with nitrogen groups. The specific capacitance of the as-prepared nano-porous carbon material can reach 372 F g 21 in 6 M KOH aqueous solution, showing promising application in supercapacitors. This method provides a new approach to fabricate hierarchical carbon material for energy storage based on conducting polymers.
Results and Discussions
Morphology and mechanism. We demonstrate the preparation of a novel nano-porous 3D architecture of N-doped carbon nanorods grown on graphene surfaces by carbonizing the PANI-GO composite. As illustrated in Figure 1 , various functional groups (e.g., carbonyl, hydroxyl, and epoxy groups) on GO surface can attach aniliniumions through the electrostatic attraction to become the nuclear site of a ''seed'' on GO. Due to the large specific surface area of GO, a lots of active sites are generated on the surface of the GO. As APS is added, aniliniumions begin to polymerize at the active sites to form PANI on the GO surface. To reduce the interfacial energy of the whole system, these as-formed PANI will act as ''seeds'' for the following polymerization, leading to that the later formed PANI grow around the seeds. The PANI polymer traces will be grown on the seeds step by step along vertical directions with the polymerization time. As a result, PANI nanorod arrays vertically aligned on the GO surface are formed. In parallel, the pp stacking force between the graphitic structure of GO and the aromatic rings of PANI will also contribute to induce the polymerization along horizontal directions occurring on the surface of GO. In our case free PANI nanofibers are not likely formed in the bulk solution owing to the low concentration of aniline and the plenty of oxygen-containing functional groups and large specific area of GO 25 . The hierarchical 3D PANI-GO structure can be remained after carbonizing, leading to the final N-doped carbon materials of carbonized PANI-GO (named as CPG). It is the decomposition of PANI chains (C-N, C-H and N-H bonds) in the nitrogen atmosphere results in the formation of N-doped porous carbon nanorods on the surface of graphene.
Typical SEM and TEM images of the obtained PANI-GO and CPG are shown in Figure 2 . PANI-GO composites with a uniform hierarchical structure have been successfully prepared (Figure 2a) . From the high resolution SEM image in Figure 2b , it can be observed that a great many of thorn-like PANI nanorods are formed vertically on the surface of GO. The PANI nanorods cover on both sides and the edges of GO to form a shell, while the vertical PANI nanorods have an average length of 100 nm and diameter in the middle height of 30 nm. TEM image reveals PANI nanorod arrays on the surface of GO are regular and uniform ( Figure 2c ). After carbonizing the PANI-GO, it can be obtained that the final CPG hierarchical carbon materials with the porous carbon nanorods array vertically aligned on the surfaces and the edges of graphene sheets ( Figure 2d , e and f).
In order to further understand morphology evolution and formation mechanism of the hierarchical composites, products of PANI-GO at different reaction times were taken out of the reaction solution and monitored by SEM. As shown in Figure 3a , a few tiny protuberances, which are the polymer seeds, are formed on the surface of the GO after the reaction of 1 h, which is different from the smooth surface of pure GO. When the polymerization time extends to 2.5 and 4.5 h, the size and height of PANI protuberances, increase step by step (Figure 3b and 3c). It seems that further polymerization leads to the growth and aggregation of the adjacent smaller protuberances to form the large PANI nanorods. At last, aligned PANI nanorod arrays are formed vertically along the surface of GO (Figure 3d ). The functional groups on the GO surface and the p-p stacking force between the graphene parts of the GO and the aromatic rings of PANI contribute to the formation of the hierarchically structured PANI-GO composites.
Chemical structure characterization. FTIR spectra of the samples are shown in Figure 5a . For GO, the main peaks around 3399, 1729 and 1391-1060 cm 21 are attributed to the O-H, C5O in COOH, and C-O in C-OH/C-O-C functional groups, respectively 23 . The obtained PANI-GO composites exhibit similar characteristic peaks as compared to the pure PANI. The main absorption bands centered at 1566 and 1485 cm 21 can be ascribed to C5C stretching vibration of the quinoid ring and the benzenoid ring in PANI, suggesting the presence of the emeraldine salt state of PANI. The peaks at 1299, 1246, 1145 and 818 cm 21 are attributed to the C-N stretching vibration of the benzene ring, stretching vibration of the CN ?1 in the polaron structure of PANI, stretching of C5N (-N5quinoid5N-) and out of plane bending vibration of C-H in benzene ring, respectively. The resulting CPG shows almost no absorption peaks. Figure 5b presents the XRD patterns. The typical peaks of diffractogram of GO centered at 2h 5 12.1u is observed, corresponding to the (002) inter-planar spacing of 0.73 nm. For pure PANI, the crystalline peaks centered at about 20u and 25u can be assigned to (020) and (200) reflections of PANI in its emeraldine salt form. The XRD patterns of PANI-GO exhibits similar crystal peaks compared with that of PANI, revealing a similar crystalline of the PANI nanorods to that of the pure PANI. The results suggest that no additional crystalline order is introduced into the obtained composites in the presence of GO. The XRD pattern of CPG exhibits two broad diffraction peaks around 25u and 44u, which correspond to the (002) and (100) facets of the hexagonal graphitic carbon, respectively 24 . XPS (Figure 5c ) is used to measure the elemental composition on the surface and confirm the nitrogen doping onto the CPG. The survey spectrum shows that GO consist of oxygen (531 eV) and carbon (285 eV). The content of O element of GO is of 29.1%, as shown in Table 1 , indicating the existence of plenty of oxygenous functional groups. PANI-GO displays additional nitrogen group (399 eV) by the PANI nanorods on the surface of GO. After the carbonization of PANI-GO, The C element content increases but the O and N element contents decrease due to the removal of light molecules and gases generated by the cracking reaction of PANI chains during carbonization. CPG also exhibits the N element at 399 eV with the content of 8.2%, indicating the nitrogen doping on the CPG. It is expected that the combination with the nitrogen groups can greatly improve the electrochemical performance of CPG electrode by pseudocapacitive effect.
Raman spectroscopy was used to analyze the microstructure of GO, PANI-GO and CPG here. As shown in Figure 5d , the broad D band at 1345 cm 21 and G band at 1584 cm 21 are attributed to the conversion of a sp 2 -hybridized carbon to a sp 3 -hybridized carbon and the in-plane bond-stretching motion of the pairs of C sp 2 atoms, respectively. For PANI-GO, there are few new peaks at 1514, 1176, 1036 and 880 cm 21 were attributed to C5C stretching, C-H bending vibration of the benzenoid ring, N-H bending in-plane of the benzenoid ring and C-N-C wag out-of-plane of the benzenoid ring, respectively. The carbonized CPG exhibit similar Raman peaks of GO with obvious D band and G band, which is further demonstrate the full transformation of PANI-GO into carbon materials.
The N 2 adsorption-desorption isotherms are further used to investigate the effect of carbonization on the microstructure and exposed surface area in the nano-porous matertials. As shown in Figure 6 , PANI-GO and CPG are found to yield a pseudotype-I curve with H 1 hysteresis loop at high relative pressure between 0.8 and 1.0, confirming the presence of nano-porous, micropores and mesopores architectures 25 . The adsorption isotherms of the both samples become rapidly saturated at low relative pressure, which illustrates the adsorption of micropores. From a comparison of the two curves, CPG shows a higher initial leap at low pressure and a continuous increase of adsorption capacity in a wide pressure range. The increase of adsorption capacity at low pressure is mainly related to the micropores, while the increase of the adsorption capacity with increasing pressure is attributed to the presence of high mesopore distribution after carbonization. Meanwhile, the surface area of the CPG (216 m , showing increased surface area due to the formation of micro and mesopores on the carbon nanorods from the decomposition of PANI chains in the carbonation process. Therefore, the hierarchical carbon material prepared has an increased surface area, which benefits the electrolyte ionic transport from the bulky solution to the surface of CPG. Thus good electrochemical performance can be expected.
Electrochemical characterization. The electrochemical performance of the electrode materials was characterized by cyclic voltammograms (CV). The CV curves of the CPG electrode at the scan rates of 5, 25 and 100 mV s 21 are shown in Figure 7a . The curves present a quasi-rectangle in shape along the potential-current axis without obvious redox peaks, which indicate that CPG electrode has ideal capacitive behavior 26 . Besides, the current density obviously increases by increasing scan rates with almost no distortion in the CV curves at higher scan rates of 100 mV S
21
, implying a good rate capability for the CPG electrode and good stability at wide scan rate ranges. The good electrochemical performance of CPG electrode suggests that it can be a good candidate as electrode material for supercapacitor.
EIS is an important tool to obtain information of frequency dependence, equivalent series resistance (ESR) and charge transport at the material/electrolyte interface for supercapacitor electrode. Figure 7b illustrates the Nyquist plot of the CPG electrode. A semicircle of small radius is obtained at high-frequency region and a straight line in the low frequency region, corresponding to electron-transfer-limited process and diffusional-limited electron-transfer process 27 , respectively. The intercept at the real axis at high frequencies is the ESR value of about 1.3 V for CPG electrode, showing good electric conductivity. The imaginary part of the impedance spectra at low frequencies represents the capacitive behavior of the electrode and approaches a vertical line in an ideal capacitor 28 . Obviously, the straight line part of CPG is close to vertical line along the imaginary axis, suggesting this hierarchical carbon material has excellent capacitive behavior. Figure 7c gives the charge/discharge curves of CPG electrode material at different current densities within a potential window 20.8 to 0.2 V vs. SCE. The charge/discharge curve of CPG electrode shows a quasi-triangular shape which is a characteristic of electrical double-layer capacitance. The curves keep similar shapes in the potential range of 20.8-0.2 V at the densities from 1.0 to 0.1 A g 21 , revealing that the carbon material can experience a wide range of current. Meanwhile, the charge/discharge duration of the CPG electrode increases with the decreasing of current density from 1.0 to 0.1 A g 21 . It indicates that the charge/discharge duration is proportional to the current density. Furthermore, the discharge time is longer than the charge time as the current density decreases, which is probably attributed to the interaction between CPG and electrolyte ions at lower current density. The specific capacitance is calculated according to the equation C m 5 C/m5It/DVm 29 , where C m is the specific capacitance (F g 21 ), I is the charge/discharge current, t is the time of discharge, DV is the voltage difference between the upper and lower potential limits, and m is the mass of active material. The specific capacitance of CPG is 372 F g 21 at a current density of 0.1 A g 21 , and it is 314, 273 and 201 F g 21 at current densities of 0.2, 0.5 and 1 A g 21 , respectively, demonstrating a better storage capacity of energy at low current density to indicate the synergetic effect of both double-layer and faradaic capacitances. In comparison, it can be noted that the specific capacitance of CPG (372 F g
) is larger than that of C-graphene (170 F g 21 ) 13 , PANI-based carbon nanorods (327 F g 21 ) 30 , PANI-based activated carbon (210 F g 21 ) 31 , PANI-based carbon nantubes (163 F g 21 ) 32 and graphenecarbon nanotube (326.5 F g 21 ) 22 . The greatly improved specific capacitance is mainly due to the novel nano-porous hierarchical structures of CPG and the incorporation of the nitrogen groups. The hierarchical structure with porous carbon nanorods grown on the surface of graphene effectively increases its specific surface area and thus benefits the ion diffusion from the bulky solution to the surface of electrode material. Meanwhile, the combination with nitrogen groups can greatly enhance the electrochemical performance of CPG electrode by pseudocapacitive effect.
To evaluate the electrochemical stability, repeating consecutive charge/discharge cycles at a current density of 1 A g 21 were employed (Figure 7d ). Although the specific capacitance of the CPG electrode decreases with the increase of cycles, it still keeps 98.7% of its initial capacitance after 3000 consecutive cycles, exhibiting excellent long-term cyclability and high degree of reversibility in consecutive scan cycles. The good cyclic stability may attribute to its quite small ESR for the ionic diffusion and the pseudocapacitance effect introduced by nitrogen 22 .
Conclusions PANI-GO composites with a well ordered hierarchical structure of PANI nanorods vertically aligned on the surface of GO were simply prepared by in situ polymerization of ANI in the presence of GO. The as-formed PANI structure on the GO surface can be simply controlled by the polymerization time. After being carbonized, nitrogenenriched nano-porous carbon material remaining the original hierarchical morphology was obtained. Due to its nano-porous hierarchical structure with large specific surface area and incorporation of the nitrogen groups, the resultant carbon material shows higher specific capacitance by synergetic effect of both double-layer and faradaic capacitances, indicating a promising application as electrode material for supercapacitor. This study not only provides a controllable approach to fabricate hierarchical carbon material based on conducting polymers and graphene oxide, but also gives an insight for the application in electrode material for supercapacitor.
Methods
Synthesis. Firstly, 2 mg mL 21 graphene oxide (GO, prepared by the modified Hummers method 33 ) in 50 mL 1 M HClO 4 aqueous solution was ultrasonicated for 30 min to obtain an exfoliated yellow-brown suspension. The ANI monomer (1 mmol) was added into the above suspension and stirred for 30 min to get a uniform mixture. Then aqueous solution of 1 M HClO 4 containing APS (the molar ratio of ANI/APS is 151) was slowly added under stirring. The polymerization of ANI was conducted at room temperature for 12 h, while the yellow-brown suspension gradually changed to deep green. The obtained products were filtered and rinsed with distilled water and signed as PANI-GO. Secondly, PANI-GO was carbonized at 850uC for 3 h under nitrogen flow and the final carbonized PANI-GO was named as CPG.
Electrochemical Characterizations. Electroactive composites, carbon black and poly (tetrafluoroethylene) in a mass ratio of 8551055 were well mixed to obtain homogeneous slurry. The slurry was coated and pressed on a foam nickel to prepare working electrode, and then the electrode was dried at 60uC for 24 h in a vacuum oven. Electrochemical performances of the samples were measured with a three electrode system, in which platinum foils and saturated calomel electrode (SCE) were used as counter and reference electrodes, respectively. The electrolyte is 6 M KOH aqueous solution. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were studied using a Zahner IM6 electrochemical working station. The scan voltage ranged from 21.0 to 0 V in CV measurements.
Materials Characterization. Morphology of all the products was characterized by scanning electron microscope (SEM, Hitachi S4800) and transmission electron microscope (TEM, JEOL JEM-2200FS). Fourier transform infrared (FTIR) spectra were recorded on a Bruker Equinox 55 spectrometer in the range of 400-4000 21 cm at room temperature. UV-vis spectra were measured on a Shimadzu 1601PC UV-vis spectrophotometer. X-ray diffraction (XRD) experiment was carried out on a Micscience M-18XHF (with CuKa radiation) instrument. X-ray photoelectron spectroscopy (XPS) analysis was carried out on an ESCALab220i-XL electron spectrometer from VG Scientific. Al-Ka radiation was used as the X-ray source and operated at 300W. Pore structure of the samples was characterized by physical adsorption of N 2 at 77 K (TriStar II 3020). The surface specific area was obtained by the Brunauer Emmett Teller method. Raman spectra were studied from a LabRAM HR800 with a 532 nm wavelength laser.
